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Abstract 
Drosophila melanogaster have two sets of muscle systems: larval muscles and adult 
muscles. The larval somatic muscle system is established during embryogenesis and is necessary 
for hatching, feeding, and crawling of the larvae. Like humans, Drosophila muscles have 
individual characteristics, like unique sizes, shapes, orientations, attachment sites, and innervation 
patterns by motor neurons. These properties are encoded by a group of transcriptional regulators 
that are expressed in specific muscle subsets. Currently, there are over twenty known transcription 
factors required for the development of the 30 distinct larval somatic muscles and specification of 
those muscle properties. We have examined how muscle-specific neuron defasciculation and 
innervation occurs using genetics, immunohistochemistry, and fluorescent microscopy to identify 
muscle-specific factors that regulate the process of neuron innervation. We tested how loss-of-
function mutations in lateral transverse muscle-specific transcription factors affect innervation of 
these muscles by the segmental nerve, to identify muscle-specific factors that regulate the process 
of neuron innervation. We examined the muscle patterns by immunostaining with antibodies to 
two sarcomeric proteins: myosin heavy chain (MHC) and tropomyosin (TM). Similarly, we 
examined the architecture of the segmental nerve in these genetic backgrounds using antibodies 
that recognized FITC-HRP and Fasciclin II (Fas-II). Confocal microscopy images show wild-type 
embryos with proper muscle patterning of the four lateral transverse muscles, corresponding to 
proper nerve branching. However, the apUGO35, mid1, and msh∆68 lines displayed defects in lateral 
transverse muscle patterning, corresponding to an absence of proper nerve branching.  
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Objectives 
 The main objective of my research is to compare the neuromuscular architecture in 
wild-type and mutant Drosophila melanogaster, to understand how neuron defasciculation and 
innervation occurs. There are many identity gene transcription factors expressed in founder cells, 
that are involved in the development of specific muscles. The purpose of my experiments is to test 
how mutations in these identity transcription factors affect innervation of their specific muscle 
subsets. In this way we hope to determine what accounts for the ability of motor neurons to 
innervate different muscles. For example, we are examining how the specific route the neurons 
follow is altered as a result of properties of each muscle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
Introduction 
Muscle Systems in Drosophila 
The human muscle system consists of three different types of muscles: smooth muscle, 
skeletal muscle, and cardiac muscle, which are composed of different fiber types. Smooth muscles 
are spindle-shaped cells containing a single nucleus. This muscle group is important for 
involuntary control of organ systems such as the respiratory, digestive, urinary, and circulatory 
systems [1]. Skeletal muscles, on the other hand are multinucleated and can be regulated with 
voluntary or involuntary control [2]. The characteristics of cardiac muscle are a combination of 
smooth and skeletal muscle. This muscle group is under involuntary control like smooth muscles 
but are striated like skeletal muscles. Cardiac muscles are found only in the heart and are 
responsible for pumping blood into the circulatory system [3]. All of the subcategories of muscles 
are derived from the embryonic mesoderm, which contain somites. These somites are the stem 
cells that determine which type of muscles from the three groups are eventually formed.  
While Drosophila muscles are not derived from somites, the developmental process is quite 
similar to that of humans. In fact, embryonic muscle development in Drosophila is regulated by 
the same transcription factors as those in the vertebrate head and upper trunk muscles [4]. Human 
and Drosophila muscles share similar mechanisms related to the fusion, cell recognition, and 
adhesion of myoblasts. Moreover, they share similarities in the structure of their sarcomere (also 
known as the contractile apparatus), attachment to tendons, and innervation by motor neurons [5].  
Drosophila have two sets of muscle systems: the larval somatic muscle system and the 
adult somatic muscle system. The larval somatic muscle system is established during 
embryogenesis (Figure 1, egg) and is necessary for hatching, feeding, and crawling of the larvae. 
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When the organism moves onto the pupa stage of its life cycle, most of the larval muscles are 
histolyzed and the adult muscle systems are implemented to allow feeding, walking, and flying.  
 
Figure 1. Life cycle of Drosophila melanogaster. The short life cycle of Drosophila 
(approximately ten days at 25 degrees C) is one of the features which characterize them as a model 
organism. From an egg, Drosophila develop into an embryo before hatching to form larvae. Larval 
development is divided into three stages: first, second and third instar, which then develop into 
pupa. Finally, the pupa undergoes metamorphosis to become an adult. The focus of this research 
is on muscles and corresponding motoneurons that are present in the larval somatic muscle, which 
is developed during embryogenesis. (Reused with permission from Victor Siev, Julie Zeng, and 
Valerie Schawaroch). 
 
There are 30 distinct muscles in each of the sixteen abdominal hemisegments of the 
Drosophila embryos (Figure 2a). The development of the larval somatic muscle set of Drosophila 
relies on identity genes that specify muscle properties (Figure 2b). Identity genes are transcription 
factors, which specify muscle properties by the regulation of numerous gene targets. Currently, 
there are over twenty identity genes known to be required for the development of larval somatic 
muscle set of Drosophila (Figure 2b). It is important to note that while there are a diverse number 
of identity genes which all regulate muscle properties, it is the specific combination of identity 
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genes that produce muscles with various characteristics such as size, shape, and orientation (Figure 
2a,b) [5].  
 
 
Figure 2a. Drosophila abdominal muscle pattern. The 30 distinct muscles are found in each of 
the abdominal hemisegments. Each muscle is distinct in its size, shape, and innervation. The focus 
of the research described in this thesis is specifically on the four lateral transverse muscles. A 
lateral view of a hemisegment in a wild-type larva is outlined by the white box. External muscles 
are shown on the bottom left image, internal muscles highlighted on the bottom right image. 
Muscles are labeled with their three-letter designation and number in parentheses. (D – dorsal, L 
– lateral, V – ventral; A – acute, O – oblique, T – transverse. SBM is the segment border muscle).  
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Figure 2b. Identity genes in each hemisegment of abdominal muscles. There are many identity 
genes that have been discovered, four of which are presented above. The different colored muscles 
show the expression of each corresponding identity gene subsets of muscles. Each muscle formed 
can be a result of expression from more than one identity gene (compare Apterous to Muscle 
segment homeobox, for example). (Cartoon based on Dobi, Schulman and Baylies 2015). 
 
Role of Founder Cells in Muscle Formation  
 
In Drosophila, the mesodermal tissue is specified during gastrulation, and is then 
differentiated during subsequent stages. One mesodermal tissue type is somatic muscle, which is 
made up of three types of myoblasts: muscle founder cells (FCs), fusion-competent myoblasts 
(FCMs), and adult muscle precursors (AMPs). The AMPs are set aside until pupation [5]. The FCs 
contain the information that is necessary for the development of the future muscle, which makes 
them crucial for providing the properties of each muscle [5]. FCMs contribute to muscle mass and 
fuse with the FCs to form the proper muscle (shown in Figure 3). This fusion process occurs several 
times until the muscle reaches a specific size, which allows variation in size of individual muscles 
[6]. The determination of shape in various muscles, however, is independent of how many fusion 
cycles occur. Rather, it is primarily dependent on where the muscles attach. The site of attachment 
for the muscles is largely determined by the position of the FC, which gives rise to the muscle’s 
anteroposterior and dorsoventral axes in the organism [7].  
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The formation of each myofiber is caused by fusion between multiple FCMs and a single 
FC. When fusion occurs between these two types of myoblasts, the structure becomes a syncytium 
with a single FC nucleus surrounded by multiple FCM nuclei, where the FCMs will take on the 
transcriptional plan of the FC [8]. In order to develop mature muscles, the myofibers formed by 
the fusion of FCs and FCMs need to set up their contractile apparatus and attach to a tendon. This 
allows force to be applied between the muscles and the body of the organism. After initial signaling 
between myotubes and tendons, extracellular matrix proteins are secreted. These extracellular 
matrix proteins are then required for the formation of the myotendinous junction [9]. The formation 
of the myotendinous junction is important not only for the formation of muscles, but also because 
it acts as a precursor for the innervation of muscles by the central nervous system [6].  
 
 
Figure 3. Fusion of FC and FCM to form muscle. Three types of myoblasts: founder cells (FC), 
fusion competent myoblasts (FCM), and adult muscle precursors (AMP) are present in Drosophila. 
FCs provide the information specific to each muscle and FCMs provide muscle mass. Multiple 
subsequent fusion events of an FC and FCM allows formation of a muscle. AMPs are set aside 
until metamorphosis.  
 
Founder Cells Provide Signals for Desfasciculation  
 
The significance of FCs to contain the information necessary for forming muscles of 
specific sizes and shapes has already been demonstrated [10, 11, 5]. However, the function of FCs 
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is not limited to muscle formation. FCs also induce growth of motor axons and play a role in the 
process of defasciculation, which is the separation of axons. The motor axons exit the ventrally-
located central nervous system through the segmental nerves (SN), intersegmental nerves (ISN), 
and transverse nerves (TN) and grow dorsally (Figure 4) [12]. Support for the role of FCs in 
carrying information that causes branching was shown in a study that tested the impact of FC 
inhibition on the formation of individual axons [13]. This finding was concluded from experiments 
in which expression of the protein Notch in the mesoderm, prevented FC formation. The SN and 
ISN were still able to grow out of the central nervous system, but nerves did not branch off into 
individual axons. This suggests that FCs play a major role in providing the signals to motor axons 
to grow and to defasciculate [13].  
 
Figure 4. Motor axon pathway exit through segmental nerves and intersegmental nerves. 
Motor axons from the central nervous system leave through the segmental nerves, intersegmental 
nerves, and transverse nerves. (Cartoon based on data from Landgraf, Bossing, Technau and Bate, 
1997).  
 
The pathway in which motor axons branch from the central nervous system begins where 
the SN and ISN defasciculate to form branches, which then project to single axons, before 
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innervating a specific muscle. The SN consists of four different nerves, labeled SNa, SNb, SNc, 
and SNd. The ISN consists of three different nerves, labeled ISN, ISNb, and ISNd. While the SN 
consists of four nerve branches, only SNa and SNc exit the central nervous system through the SN 
roots. The remaining two nerve branches, SNb and SNd exit through the anterior root of the ISN 
[12, 14]. The ISN innervate the dorsal muscles, while the SN branches innervate the lateral and 
ventral muscles [15]. In the abdominal muscles, a pair of SN and ISN nerves originate from each 
hemisegment. The two motor nerves, then defasciculate into their respective branches, which can 
then start moving to muscle domains during stage 13 of embryogenesis [16].  
Differentiation of Motorneurons From Neuroblasts 
Neuroblasts are stem cells in the central nervous system that are capable of differentiating 
into a broad range of neurons. They are derived from a group of cells on the ectodermal layer, 
giving rise to interneurons, motorneurons, and glial cells [12]. Neurogenesis is heavily dependent 
on Notch signaling to select neuroblasts from neuroectodermal cells. This process is known as 
lateral inhibition, as all the neuroectodermal cells can potentially adopt the same cell fate but only 
some are selected to become neuroblasts while others become ectodermal cells. In this way, Notch 
acts as an inhibitor of neurogenesis by actively selecting neuroblasts from neuroectodermal cells 
[17]. This signaling pathway for specification of neuroblasts parallels that of specification of FCs 
in muscles. Progenitor cells that divide to form FCs are selected from equivalence groups in the 
mesoderm are also mediated by Notch [7].  
The initial development of neuroblasts occurs in the embryonic stage, specifically from 
stage 9 to stage 11. It is during this embryonic stage that all the neurons in the larval central nervous 
system will be formed. There is a second cycle of neuroblast division that occurs in the larval 
stages, specifically during the first instar, that forms the neurons in the adult central nervous 
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system. After both neuroblast divisions are complete, the neuroblasts leave the cell cycle and do 
not participate in any more division [18]. A single neuroblast most likely gives rise to a group of 
motorneurons that have similar characteristics. However, each neuroblast can differentiate into 
motorneurons of varying characteristics [12, 19]. The potency of neuroblasts to proliferate into 
different neuronal cells is limited in later stages of development through expression of the 
Polycomb complexes [20]. 
Cell Adhesion Molecules Direct Axons to Target Muscles 
There are around 40 motorneurons that follow a stereotyped pathway using growth cones 
to subsequently innervate the 30 identified abdominal muscles in Drosophila [21]. After the motor 
axons extend from the SN and ISN, they travel to find their target regions, before synapsing. Axon 
guidance relies on cell-adhesion molecules (CAMs), which can act to increase or decrease 
expression of cell adhesion between nerves and muscles [21]. CAMs belong to the 
immunoglobulin superfamily of transmembrane receptors and carry out recognition and adhesion 
between cells by participating in homophilic or heterophilic protein interactions. The presence of 
recognition molecules is necessary for the motoneurons to be able to identify different muscle 
targets. One of the recognition molecules is the protein Connectin. Previous research shows that 
Connectin primarily targets lateral muscles innervated by SNa [22]. Connectin is expressed on 
both the lateral muscles and the SNa motorneurons, indicating its role as a homophilic recognition 
molecule (Figure 5). When Connectin was ectopically expressed in all muscles, SNa axons 
incorrectly innervated ventral lateral muscle (VL1/12) [22]. Moreover, studies have shown that 
during the embryonic stage, the motor axons still undergo plasticity [23]. At this stage, motor 
axons are capable of changing and correcting the pathway for reaching their respective muscles. 
When the organism has reached the larval stage, the innervation pattern exhibits higher levels of 
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determination than earlier stages. Mutations in recognition molecules that direct axons to their 
target muscles during the embryonic stage, can lead to various defects in the motor function in the 
larval stage [23]. Some common defects include the presence of motor axons that are too short to 
innervate target muscles, motor axons that extend beyond their target muscles, and motor axons 
that are completely on the incorrect path. As a consequence, some mutant larvae lack 
neuromuscular junctions, which impairs locomotion by reducing the speed and distance at which 
the organism crawls [23]. After embryogenesis, Connectin levels decrease which is consistent with 
the developmental stage of muscle separation in Drosophila [24]. However, one of the points that 
remains unknown is which genes in muscle subsets act to turn on Connectin expression.  
 
Figure 5. Connectin expression in lateral muscles and motorneurons. Connectin is a cell 
adhesion molecule, primarily expressed on lateral transverse muscles (shown in green) and SNa 
motoneurons. (Cartoon based on Nose 2012).  
 
The CAM Capricious Synaptic Connections at Myopodia 
 
Filopodia are actin-rich protrusions present in various categories of cells, that function to 
engage in sensory behaviors. The purpose of filopodia is to pick up signals from the environment, 
which then allow the cell to carry out specific functions [25]. Myopodia is a subset of filopodia, 
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that is unique to muscles. Myopodia are found on synaptic sites, where they interact with 
motoneuronal growth cones. Capricious (Caps) is a cell adhesion molecule that is present in some 
muscle groups and motoneurons. Evidence from research shows that Capricious protein collects 
at the tips of myopodia before the presence of motor growth cones [26]. This finding led to the 
hypothesis that recognition between pre and postsynaptic neurons may occur at the tips of 
myopodia, and not at muscle fibers. When studying capricious mutants, the data indicates a 
decrease in the connection points between myopodia, specifically in VL1/12 and presynaptic 
growth cones. Due to the localization of Capricious specifically at the tips of myopodia, rather 
than throughout the protrusion, it has been suggested that myopodia can send signals to 
postsynaptic cells and receive signals from presynaptic cells using Capricious as a sensor molecule 
[26].  
Overlapping Signals that Drive Motor Axon Guidance 
 Multiple proteins are responsible for guiding motor axons to their respective target muscles 
in Drosophila embryos. Some well-studied proteins include the cell-adhesion molecule mentioned 
earlier, Connectin, as well as Fasciclin II and Fasciclin III [27]. Collectively, these proteins signal 
for motor axons to fasciculate and stay connected to each other. Fasciclin II is present in the central 
nervous system axons, where overexpression leads to motor axons growing past their target 
muscle. Overexpression causes the axons to become more attracted to one another which prevents 
defasciculation at target sites [28]. Interestingly, loss-of-function mutations in any of the three 
proteins still lead to the development of a normal nervous system. This suggests that the 
information which is necessary for development of axon pathways is redundant. Thus, a mutation 
in one of the proteins that functions in directing motor axons, will not lead to disruption in the 
axonal pathway [27].  
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 There are four receptor-linked protein-tyrosine phosphatases that are expressed in the 
central nervous system of the embryo. Two receptor tyrosine phosphatases, DPTP69D and 
DPTP99A are responsible for motor axon guidance [27]. Embryos with mutations in dptp69D and 
dptp99A show defects in the axonal pathways. For the SNa pathway, dptp69D does not have a 
strong impact on motor axon guidance, whereas in dptp99A there is no obvious defect. However, 
when there is a double mutation of both dptp69D and dptp99A, embryos display abnormal SNa 
pathways with defects in one out of three SNa nerves. For the SNb pathway, similar patterns are 
seen. The mutations in dptp69D has a greater implication on the SNb pathway than the SNa 
pathway. Once again, dptp99A mutations alone, do not show defects in the axonal pathway of the 
SNb nerve. When both mutations are present, the majority of the SNb nerves display abnormalities. 
These findings suggest that firstly, the receptor-linked protein-kinase phosphatases play a role in 
motor axon guidance. Secondly, dptp69D and dptp99A are redundant in the information they 
express for guiding the motor axon pathway [27].  
Metalloprotease Functions in the Defasciculation Process 
 Metalloproteases are a group of enzymes that have a broad range of functions, from cell 
proliferation and cell migration to a more recently discovered role in axon growth [11, 29]. The 
tolloid-related 1 (tlrl) gene is a specific extracellular metalloprotease. In piranha mutants, point 
mutations are present in the tlrl gene. In another study, it was determined that the neuromuscular 
connections begin to form during stage 16 and 17 of embryonic development in piranha mutants 
[16]. Branch points were underdeveloped in the ISN and SN pathway.Specifically, the ISNb did 
not defasciculate from the ISN in most of the hemisegments, while in the SN pathway, 
approximately half of the axons failed to defasciculate into dorsal and posterior branches. 
Abnormalities persisted in the larval stages, as the ISNb was attached to the ISN and reached its 
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target muscle through a different route than the normal path. The SN were observed to grow past 
boundaries in the posterior region because of the delayed defasciculation of SNa. Thus, tlrl is 
necessary for defasciculation of motor axons. Although all of the hemisegments in tlrl mutants 
display defects, the defects vary between each hemisegment. The defect present in one 
hemisegment may appear different from the defects present in the next hemisegment. This suggests 
that Tlrl plays a role in defasciculation of motor axons, but this role does not seem to be specific 
to a particular molecule or location [16].  
Side Acts as an Attractant Between Muscles and Motor Axons 
 The gene sidestep (side) is important for the attraction between motor axons and their 
respective target muscles [28]. side encodes the protein Side, a transmembrane protein and member 
of the immunoglobulin superfamily, which is expressed on embryonic muscles. When Side is 
absent, motor axons do not fasciculate or innervate their target muscles. Rather, the axons continue 
to grow past their target innervation sites. On the other hand, expression of Side in areas that are 
outside normal development lead to continuous attraction to motor growth cones. Although side 
mutants show disruption in all of the peripheral branches, the greatest defects are seen in the ventral 
muscles. Under normal expression of Side, the ISNb, ISNd, and SNc branches should defasciculate 
from the ISN and SNa nerves. In mutants, the ISNb, ISNd, and SNc branches are missing because 
defasciculation from the motor nerves did not occur. Side is a critical component for the 
innervation of target muscles by motor axons because even when Fasciclin II expression, which 
increases attraction between axons to promote fasciculation, is reduced in side mutants, the 
resulting phenotype is still abnormal. This suggests that Side is a major attractant for innervation 
of muscles by motor axons [28].  
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Muscle Genes Affect Defasciculation 
The innervation of motor axons is specific to different muscles. It is currently known that 
two genes, the muscle identity transcription factor Krüppel and the cell adhesion/migration factor 
capricious contribute to the path in which axons follow for innervation. These genes are important, 
as capricious contributes to regulating the connections between certain neurons and muscle as well 
as acting as a recognition molecule to direct motor axon pathway while Krüppel works with 
capricious to carry out those functions, specifically in the SNb pathway (Figure 6). Both Krüppel 
and capricious function in innervation of ventral longitudinal muscles [21]. Earlier studies have 
focused on Krüppel activity and its implication in muscle innervation. Krüppel is expressed in 
dorsal acute muscle 1 (DA1/18), dorsal oblique muscle 1 (DO1/9), lateral transverse muscles 2 
and 4 (LT2/22, LT4/24), ventral longitudinal muscle 3 (VL3/6), ventral acute muscle 2 (VA2/27), 
and ventral oblique muscles 2 and 5 (VO2/14, VO5/16) [5, 11]. Evidence from the research 
suggests that Krüppel is necessary for expression of its target gene, knockout, which is 
subsequently required for innervation of the correct muscle groups. The study was done by 
comparing innervation patterns in embryos that lacked knockout expression to wild-type embryos. 
The results show that in the wild-type embryos, the SNb pathway leads to the innervation of ventral 
lateral muscles. In the embryos with absence of knockout, the axons projected from the SNb 
pathway, but did not innervate the ventral lateral muscles. This suggest that the expression of 
knockout is necessary for proper innervation of muscle subgroups [15].  
Capricious, encoded by the capricious gene, is a transmembrane protein with leucine-rich 
repeat motifs. As mentioned earlier, capricious is expressed in some muscles, specifically in dorsal 
acute muscles 1 and 2 (DA1/1, DA2/2), dorsal oblique muscles 1 and 2 (DO1/9, DO2/10), ventral 
lateral muscle 1 (VL1/12), ventral oblique muscles 2, 3, 4, 5, and 6 (VO2/14, VO3/28, VO4/15, 
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VO5/16, VO6/17) and motorneurons, indicating that it plays a role in guiding motor axons to 
respective target sites. In both loss-of-function and ectopic expression of capricious conditions, 
motor axons synapse with its normal target ventral lateral muscle 1 (VL1/12) and a non-target 
muscle, ventral muscle 2 (VL2/13) [30]. 
 
Figure 6. Expression of axon guidance and adhesion molecules. Innervation of correct muscle 
groups relies on cell adhesion molecule Capricious, Krüppel target gene knockout, and Toll to 
direct motor axon pathways. (Cartoon based on Nose, 2012). 
 
Previous studies have shown that the stereotypic axonal pathway is influenced and 
mediated by many different genes, which serve to guide motor axons to their target muscle regions 
[27]. However, target specificity can also be guided by genes that code for repulsion. One of these 
genes is Toll which encodes a transmembrane protein, preferentially expressed in ventral lateral 
muscle 2 (VL2/13) over ventral lateral muscle 1 (VL1/12) (Figure 6). Thus, the Toll protein acts 
as a synaptic repulsive cue to inhibit synapse formation of motorneurons in VL2/13, that are 
targeted for VL1/12. Additionally, when Toll mutants were studied, nerve endings from 
motorneurons that innervate VL1/12 were found on VL2/13. Moreover, ectopic expression of Toll 
in VL1/12, inhibited innervation of this muscle. These results imply the role of Toll in inhibiting 
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synaptic formation of motorneurons normally found in VL1/12. Interestingly, another gene teyrha-
meyrha (tey), is expressed in VL1/12 and acts as a negative regulator of Toll. Evidence for this 
relationship was observed in tey mutants, showing increased levels of expression of Toll in 
VL1/12, which suggests that tey normally downregulates Toll, specifically in that particular muscle 
[31]. Toll receptor is expressed post-synaptically in a set of ventral muscles (Figure 6) and is 
required for their innervation. Loss-of-function mutations in Toll leads to defects in the innervation 
of muscles VL3/ and VL4, while overexpression prevents innervation altogether [32].  
Expression of Tollo (Toll-8) also plays a role in promoting neuromuscular junction growth. 
The Toll-like receptor Tollo is a transmembrane receptor that functions presynaptically to promote 
neuromuscular growth. However, expression is not necessary for synaptic transmission and 
development of normal muscle volume. When Tollo expression is reduced and in Tollo loss-of-
function mutants, there is a decrease in bouton and branch length at the neuromuscular junction, 
but no impact on synaptic transmission at the neuromuscular junctions. Interestingly, while the 
number of boutons are reduced in Tollo mutants, the number of active zones in the boutons remains 
relatively constant. Tollo works by receiving signals from the muscle [33]. 
Another transcription factor expressed in the musculature is longitudinals lacking (lola). 
The level of expression of glutamate receptors in the Drosophila neuromuscular junction is 
dependent on lola [34]. When lola expression in muscles is knocked down, the levels of glutamate 
receptors at the neuromuscular junction are significantly decreased. This data suggests that lola is 
necessary for normal expression levels of glutamate at the neuromuscular junction. Furthermore, 
the expression of lola is regulated by the process of innervation. Levels of lola are high prior to 
innervation but are reduced after the innervation process, which suggests that the gene may play a 
role in mediating changes in neural activity and expression at the postsynaptic terminal [34].  
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The process of muscle formation and subsequent innervation by motor neurons in 
Drosophila is largely dependent on regulation of genes and signaling molecules. Previous studies 
have demonstrated that signals necessary for the motor axon pathway are redundant. Moreover, 
the ability of motor neurons to find their target muscle sites is dependent on both attraction and 
repulsion signals. While some of the signals that induce defasciculation in Drosophila have been 
discovered, the way in which signals trigger the same process in vertebrates is still unknown. Our 
research studies how regulation of genes in muscles affect their innervation by the segmental 
nerves. We hope that our work can contribute to understanding the mechanism underlying neuron 
defasciculation and innervation. As many developmental processes are conserved between 
vertebrates and Drosophila, understanding how motor neuron innervation is affected by muscle 
properties will provide insight into similar processes in vertebrates.  
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Materials and Methods 
Flies (Husbandry) 
Drosophila stocks and crosses were grown on standard cornmeal/molasses medium at 25 
degrees C. OreR was used as the wild-type control. Embryos were staged according to Campo-
Ortega and Hartenstein (1985) based on the appearance of distinct features. Approximate ages 
staged were: stage 13 (9:20h-10:20h), stage 14 (10:20-11:20h AEL), stage 15 (11:20-13h AEL), 
stage 16 (13-16h AEL). Loss-of-function fly stocks used were: apUGO35 [35], mid1 [36], and 
msh∆68 [37]. Loss-of-function (LOF) mutants were screened (obtained from Bloomington Stock 
Center). Marked balancer chromosomes (Cyo Dfd-GMR-YFP, TM6 Sb Dfd-GMR-YFP and CyO 
en-lacZ) were used to select for homozygous embryos.  
Fixation and Staining 
Fixing: 
Embryos were collected on apple juice agar plates at 25o C, dechorionated in 50% bleach 
for 4 minutes, fixed in 4% paraformaldehyde/PBS and heptane for 20 minutes and devitellinized 
using heptane/methanol. 
Staining: 
Embryos were blocked for 30 minutes at room temperature in PBT-BSA (0.5% BSA, 0.3% 
Triton) and then incubated in primary antibody overnight at 4 degrees C while rocking. Antibody 
dilutions for visualization of muscle: mouse anti-MHC (1:500; gift of S. Abmayr) and rat anti-
tropomyosin (1:500; Abcam).  
Antibody dilutions for visualization of motor axons: FITC-HRP (1:500; Jackson 
ImmunoResearch Laboratories #AB_2314647), mouse anti-Fas-II (1:50; Developmental Studies 
Hybridoma Bank #1D4). Antibodies to recognize balancer chromosomes were rabbit anti-GFP 
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(1:500; Abcam #6556) and rabbit anti-betagalactosidase (Abcam #4761). Primary antibodies were 
detected with AlexaFluor-conjugated secondary antibodies (Invitrogen): Alexa Fluor-488 and 
Alexa Fluor-555 were used at 1:200. Embryos were mounted in Prolong Gold antifade reagent 
(Invitrogen).  
Imaging and Processing  
Confocal imaging was used to see the muscles patterns and nerve branches using a Zeiss 
LSM 880 laser scanning confocal microscope system equipped with a 40X/1.2 NA Plan 
Apochromat water objective and ZEN Black software. Confocal maximum intensity projections 
were generated using Fiji/ImageJ.  
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Results 
The objective of our experiments is to understand how muscle-specific gene regulation 
contributes to the innervation of specific muscles by the appropriate segmental nerves. We 
focused primarily on the four lateral transverse muscles and the genes that are expressed in this 
set. Therefore, our approach was to use previously characterized loss-of-function mutants. 
OreR was used as a wild-type strain. apUGO35 is an imprecise P-element excision that 
removes the first exon of apterous and leads to a null phenotype [35]. msh∆68 is an excision of a 
P-element that resulted in a 4kb deletion removing most of the first exon, and likely is a null allele 
[37]. Finally, mid1 is an amorphic allele generated by ethyl methanesulfonate (EMS) mutagenesis 
[38]. Each genotype was dechorionated, fixed and devitellineized prior to antibody staining. 
Heterozygous embryos were excluded by using antibodies to reveal marked balancer chromosome. 
Stained embryos were imaged on a confocal microscope to visualize the muscles and segmental 
nerves.  
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Myosin Heavy Chain and FITC-HRP Stains 
OreR and apUGO35 embryos were stained with antibodies to myosin heavy chain and FITC-
HRP to visualize the 4 lateral transverse muscles and the motor axons, respectively. A white box 
in Figure 7 highlights a set of normal lateral transverse muscles in OreR and a mutated set in 
apUGO35. The arrows in the motor axon images show the nerve branches corresponding to the 
highlighted lateral transverse muscle set. 
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Figure 7a. OreR and apUGO35 lateral transverse muscles and segmental nerve images stained 
with myosin heavy chain and FITC-HRP. Extended focus projections of confocal images, 40X, 
of stage 16 embryos. OreR images are shown in A-C and apUGO35 are shown in D-F. The muscle 
pattern of OreR and apUGO35 embryos are shown in green (A, D) and the segmental nerves are 
shown in purple (B, E). The four lateral transverse muscles are indicated with a box. The merged 
images (C, F) trace the branching of the nerves in the lateral transverse muscles. Bright purple 
structure on the bottom of the image is the central nervous system (CNS). Scale bars = 25 
micrometers. 
 
       
Figure 7b. Close-up of segmental nerve images stained with myosin heavy chain and FITC-
HRP in OreR and apUGO35. An arrow points to an example of proper segmental nerve branching 
in OreR in image B. An arrow points to a misguided segmental nerve branch in apUGO35 in image 
E, compared to wild-type.  
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Tropomyosin and Fas-II Stains 
The motor neuron images produced using antibodies staining to FITC-HRP did not produce 
bright images. Thus, we used a different antibody to obtain a more clear image of the segmental 
nerves. The embryos of four genotypes: OreR, apUGO35, mid1, and msh∆68 were stained with 
tropomyosin to visualize lateral transverse muscles and Fas-II to visualize motor axons, 
specifically the segmental nerves. The embryos were imaged using confocal microscopy to show 
the muscle patterning in green and the nerve branches in purple. A set of lateral transverse muscles 
for each genotype is outlined with a white box. White arrows in the motor axon (purple) images 
shows proper nerve branching for OreR and defects for apUGO35, mid1, and msh∆68. White arrows 
in the merged images shows the implications of mutations in lateral transverse muscles on nerve 
branching for all four genotypes.  
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Figure 8a. OreR lateral transverse muscles and segmental nerve images stained with 
tropomyosin and Fas-II. Extended focus projections of confocal images, 40X. The muscle pattern 
of two representative OreR embryos is shown in green (A, D) and the segmental nerves are shown 
in the middle in purple (B, E). The four lateral transverse muscles are indicated with a box. The 
merged images (C, F) trace the branching of the nerves in the lateral transverse muscles. Arrows 
in images B and E indicate an example of proper nerve branching. Scale bars = 25 micrometers.  
 
       
Figure 8b. Close-up of segmental nerve images stained with tropomyosin and FAS-II in OreR. 
Arrows point to clear and distinct branches, showing proper branching of the segmental nerves in 
a hemisegment.  
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Figure 9a. apUGO35 lateral transverse muscles and segmental nerve images stained with 
tropomyosin and Fas-II. Extended focus projections of confocal images, 40X. The muscle pattern 
of a representative apUGO35 embryo is shown in green (G) and the segmental nerves are shown in 
the middle in purple (H). The four lateral transverse muscles are indicated with a box. The merged 
image (I) trace the branching of the nerves in the lateral transverse muscles. The arrow in image 
H shows a defect in segmental nerve branching. Scale bars = 25 micrometers. 
 
      
Figure 9b. Close-up of segmental nerve images stained with tropomyosin and FAS-II in 
apUGO35. An arrow points to a shorter than normal segmental nerve branch in a hemisegment.  
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Figure 10a. mid1 lateral transverse muscles and segmental nerve images stained with 
tropomyosin and Fas-II. Extended focus projections of confocal images, 40X. The muscle pattern 
of three representative mid1 embryos are shown in green (J, M, P) and the segmental nerves are 
shown in purple (K, N, Q). The four lateral transverse muscles are indicated with a box. The 
merged images (L, O, R) trace the branching of the nerves in the lateral transverse muscles. Arrows 
in image K, N, and Q show defects in segmental nerve branching. Scale bars = 25 micrometers. 
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Figure 10b. Close-up of segmental nerve images stained with tropomyosin and FAS-II in 
mid1. Arrows point to misguided segmental nerves in image K, abnormally short segmental nerve 
branching in image N, and absence of segmental nerve branching in image Q.  
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Figure 11a. msh∆68 lateral transverse muscles and segmental nerve images stained with 
tropomyosin and Fas-II. Extended focus projections of confocal images, 40X. The muscle pattern 
of two representative msh∆68 embryos are shown in green (S, V) and the segmental nerves are 
shown in purple (T, W). The four lateral transverse muscles are indicated with a box. The merged 
images (U, X) trace the branching of the nerves in the lateral transverse muscles. Arrows in image 
T and W show defects in segmental nerve branching. Scale bars = 25 micrometers. 
 
 
 
 
 
 
 
32 
 
      
 
      
Figure 11b. Close-up of segmental nerve images stained with tropomyosin and FAS-II in 
msh∆68. Arrows point to tangled segmental nerves in images T and W.    
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Visualization Using Myosin Heavy Chain and FITC-HRP 
 OreR and apUGO35 embryos were compared, as shown in images A-F (Figure 7). apUGO35 
genotype stained with myosin heavy chain shows defects in development of the lateral transverse 
muscles (LTs 1-4). The hemisegments show the absence of a lateral transverse muscle and/or an 
abnormal connection of the lateral transverse muscles at the center (image D). This corresponds to 
an absence of nerve branching in the motor axon staining (image E), which is indicated by the 
white arrow.  
 FITC-HRP is known to be a good marker for motor axons in larvae. However, as shown, 
the FITC-HRP stains did not produce very bright images. This may be due to FITC-HRP not being 
a good marker in embryonic stages. As a result, we switched to using Fas-II as an embryonic 
marker, exclusively for the segmental nerves.  
Visualization Using Tropomyosin and Fas-II 
 OreR images provide a wild-type comparison for the mutant genotypes studied (apUGO35, 
mid1, and msh∆68). In the images produced by confocal imaging for the OreR embryos (Figure 8), 
it is evident that the abdominal muscles of wild-type Drosophila are composed of hemisegments 
which contain four lateral transverse muscles. Images A and D show a highlighted box with four 
easily distinguishable lateral transverse muscles which make up one set (hemisegment). The motor 
axon images corresponding to each show white arrows that indicate the segmental nerve branches. 
From the merged images, it can be seen that the all of the lateral transverse muscles show the same 
motor axon innervation pattern. Images A-F provide a control for comparing the mutant genotypes, 
which are known to show defects in development of the lateral transverse muscle sets. 
 The mutations in apUGO35, mid1, and msh∆68 all affect the lateral transverse muscles. In the 
apUGO35 images (Figure 9), the white box in image G shows a specific hemisegment that only has 
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three lateral transverse muscles, instead of four. Most of the hemisegments in apUGO35 show three 
lateral transverse muscles due to mutation. Interestingly, when looking at image H, the nerve 
branch is much shorter compared to OreR embryos.  
 The mutation in mid1 shows a more severe defect as indicated (Figure 10) by images J, M, 
and P. The lateral transverse muscles in mid1 have a stronger mutation because in addition to an 
incorrect number of lateral transverse muscles in each hemisegment, some of the muscles are 
incorrectly positioned. This also corresponds to the absence of nerve branching in the motor axon 
images or to be branched incorrectly, compared to that of OreR.  
 The same pattern is seen in msh∆68, in which a mutation in the development of lateral 
transverse muscles corresponds to a defect or improper nerve branching of the motor axons (Figure 
11). The boxed hemisegment in image S shows a particularly strong mutation, where the image 
shows only one distinguishable lateral transverse muscle out of four. Image T shows the nerve 
branches for that particular hemisegment to be very misguided.  
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Discussion 
 Embryos of OreR, apUGO35, mid1, and msh∆68 genotypes were studied to observe how 
development of lateral transverse muscles would implicate motor axon defasciculation. apUGO35, 
mid1, and msh∆68 genotypes are known to display defects in lateral transverse muscle 
development. Antibodies myosin heavy chain and tropomyosin were used to target muscles and 
antibodies FITC-HRP and Fas-II were used to target motor neurons. The results show that OreR, 
which acts as a wild-type comparison shows proper development of the four lateral transverse 
muscles. In the motor neuron images, this corresponds to proper nerve branching. Mutant 
genotypes, all show variations of defects in development of the lateral transverse muscles. 
Interestingly, the motor neuron stains of all the mutant genotypes show disruption in proper neuron 
innervation. We believe that this may be due to the absence of signals required for defasciculation, 
present on founder cells. Founder cells are known to secrete factors that cause branching of motor 
neurons. This result is consistent with previous findings showing that founder cells (FCs) are 
required for proper motor neuron defasciculation [7]. Here, we show that even when four muscles 
(and therefore four founder cells) are present, if there is a defect in patterning, that also prevents 
the appropriate motor neuron connection from forming.  
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Conclusion 
 Through collecting, staining, and imaging wild-type and loss-of-function embryos, it was 
possible to compare the development of lateral transverse muscles and its implications on motor 
axon branching. The loss-of-function mutants studied, apUGO35, mid1, and msh∆68, were all known 
to display defects in lateral transverse muscle patterning. Using antibodies that target the motor 
axons, it was possible to see how nerve branching, specifically in the segmental nerves, would be 
implicated by mutations in the lateral transverse muscles. The data suggests that mutant genotypes 
which have implications in their lateral transverse muscle patterning, also show disruption in 
neuron innervation.  
Future directions would be to collect and test more genotypes. We would like to test more 
apUGO35, mid1, and msh∆68 samples so that we can perform statistics and measure the length of 
each motor axon in these backgrounds using sophisticated imaging software. Three additional 
identity gene loss-of-function genotypes that we are interested in looking at are P[ry Kr+ bw]KrCD 
(an allele of Krüppel that rescues early anterior-posterior patterning defects of complete loss-of-
function alleles) [39], Df[Iro]DFM2 (an amorphic deficiency stock that deletes both araucan and 
caupolican) [40] and run2 (an ethyl methanesulfonate hypomorph of runt) [41]. Similar to the 
studied mutants, P[ry Kr+ bw]KrCD, Df[Iro]DFM2 and run2 are known to show defects in muscle 
subsets [11, 42, 43]. Because a number of these genes (for example, msh) are expressed in both 
neurons and the musculature, we would like to show muscle specificity for these phenotypes. This 
will be done by examining muscle-specific depletions of these genes using RNA interference. 
Moreover, we are also interested in studying gain-of-function mutants. In order to drive 
overexpression of transgenes using twi-Gal4 [44], the GAL4/UAS system [45] will be 
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implemented. Specific UAS transgenes that will be focused on include UAS-Kr, UAS-Ara, UAS-
mid, and UAS-ap.  
Currently, we have been using antibodies FITC-HRP and Fas-II to look at the motor axons. 
For the future, we want to use antibodies to unconjugated horse-radish peroxidase (HRP), Fasciclin 
III, Islet-1, Connectin and Discs large to label the neuromuscular junction. Horse-radish peroxidase 
antibodies stain axons and the presynaptic boutons, while discs large primarily stains axons. Islet-
1 will be used to target developing motor neurons. These antibodies all label the segmental or 
intersegmental nerves in slightly different ways, which will provide a better understanding of how 
mutations in muscle development impact proper nerve branching.  
The current methods by which we have been staining and imaging the embryos is fixed 
imaging. For the future, we want to include live imaging by using fluorescent transgenes. Different 
transgenes will allow visualization of muscles at different stages of Drosophila development. By 
studying a wide variety of genotypes, we hope to identify muscle-specific factors that regulate the 
process of innervation.  
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